All sectors of industry experience high demand for shaped products with as good mechanical properties as possible at low costs. Automotive industry, in addition, requires that the parts are of lightweight construction. Consequently, new types of materials and processes have to be combined to design new production chains capable to meet this demand. For instance, there are high-strength low-alloyed steels, whose final properties are attained by advanced heat treating techniques. One of such techniques is the Q&P process which can deliver excellent ultimate strengths exceeding 2000 MPa at a sufficient elongation level of 10 %. When combined with an unconventional forming method, it allows complex-shaped parts with outstanding mechanical properties to be made. One example of such combined procedure is the sequence of internal high pressure forming, hot stamping and Q&P processing. In the present study, thin-walled hollow stock was processed using such a combined procedure. After stepwise optimization of processing parameters, products with martensitic structure and a small amount of bainite were obtained. In all locations of the product which were tested, the ultimate strength exceeded 1950 MPa and elongation reached 15 %.
INTRODUCTION
Advanced high-strength steels (AHSS) find use in a wide range of industrial applications. Their excellent mechanical properties allow the mass of the engineering parts made of them to be reduced. It is desirable to seek new processing options for these materials and to explore combinations of various processes in sophisticated production chains. One of such effective processes is Quenching and Partitioning (Q&P).
Q&P Processing
Q&P processing is an advanced heat treating technique for high-strength steels [1] , (Obr. 1). It includes austenitizing and quenching to a temperature (QT) between the Ms and Mf temperatures to obtain a mixture of martensite and retained austenite in the product [2, 3] . It also relies on carbon diffusion processes taking place between the Ms and Mf temperatures. [4] Nov 19 th -21 st 2014, Pilsen, Czech Republic, EU
Obr. 1 Schematic of Q&P process
Carbon from the super-saturated martensite migrates to retained austenite during isothermal holding at the partitioning temperature (PT), making the austenite stable [4] .For the retained austenite to remain in the microstructure, it is essential that carbon does not precipitate from martensite and form carbides during isothermal holding at the partitioning temperature. To prevent this, the steel should contain silicon, aluminium or phosphorus additions. The critical cooling rate can be reduced by adding chromium and manganese which shift the pearlitic and bainitic transformation curves towards longer times. However, the amount of chromium should not suppress the retarding effect that silicon has on carbide formation.
Manganese, silicon, chromium and aluminium have favourable effect on solid solution strengthening. Manganese, an austenite stabilizer, effectively prevents formation of free ferrite in the microstructure and thus contributes to strengthening. Silicon, on the other hand, promotes free ferrite formation and stabilizes retained austenite [5, 6] .
Q&P process, an advanced heat treating technique, can be combined with unconventional forming procedures. One of available ways to manufacturing complex-shaped parts with excellent mechanical properties is the use of a new technology chain relying on internal high pressure forming, press-hardening and Q&P processing (Obr. 2). [7] Obr. 2 Technology chain combining internal high pressure forming, hot stamping and Q&P process
Internal High Pressure Forming
Forming by internal pressure of nitrogen gas is an unconventional process for making complexshaped hollow products. The heated stock is enclosed in a die and shaped by internal pressure of nitrogen gas (Obr. 3). The process can be altered by varying the die opening time, the period after which the die opens and the product is removed at the corresponding temperature.
EXPERIMENTAL PROGRAMME
In the experimental programme, internal high pressure forming was trialled in conjunction with Q&P processing on low-alloyed high-strength 42SiCr steel (Tab. 1). The main alloying elements of the material were manganese, silicon and chromium.
Obr. 3 Forming of holloq parts by internal gas pres sure 
Process Trials
The tubular stock diameter, length and wall thickness were 43 mm, 380 mm and 4 mm, respectively (Obr. 4). The stock was heated for 25 minutes in furnace at 915 °C. This high temperature guaranteed full austenitizing. The stock was then placed in a die at the ambient temperature. After the die was closed, the stock was pressurized with nitrogen gas at 700 bar. The contact of the expanded stock with the die walls led to rapid cooling of the material. In order to change the final temperatures in the workpiece quenching process, the die opening times were varied from 5 to 20 seconds. Once the products were removed from the die at temperatures between 180 and 250 °C, two process routes were used in order to map the effect of the Q&P process on the resulting microstructure and mechanical properties. The first route only involved air cooling, whereas in the second process route the product was immediately placed in a furnace at 260 °C and held for 25 or 35 minutes to allow carbon partitioning and austenite stabilization.
RESULTS AND DISCUSSION
By means of the varied die-opening times, products with different microstructures and properties were obtained. Two products, each coming from one of the two process routes, were selected for characterization and mechanical property measurement. The first route was represented by a product with the die-opening time of 15 s (Q210°C-Cair), which was quenched to 210 °C and air cooled. The second route with the Q&P process was represented by a product with the same die-opening time (Q200°C-P200°C) and with the quenching temperature of 200 °C. The partitioning process for stabilizing retained austenite took place in furnace at 260 °C for 25 minutes (Tab. 2). Samples for metallographic observation and measurement of mechanical properties were taken from both products after the process. The locations for taking samples were selected so as to explore the effect of the process and the sample orientation on mechanical properties. Therefore, samples were taken from the
Tab. 2 Parameters of experimental heat treatment

Obr. 4 Experimental stock and the resulting shape after processing
Nov 19 th -21 st 2014, Pilsen, Czech Republic, EU gripped ends, from areas where the product cross-section, and thus the strain was the largest and from transition zones between different diameters and shapes (Obr. 5). A total of 14 test specimens were taken from each product. Average values were calculated from data for identical locations.
Obr. 5 Sampling locations on the product for measurement of local mechanical properties
Mechanical Properties
In order to fit the tension test specimen in all locations of the product, the size of miniature test specimes was selected; with a gauge length of 5 mm and a cross-section of 2×1.2 mm (Obr. 6).
The product which was removed from the die at 210 °C and cooled in air (Tab. 3) exhibited very high strength. Strengths in all measured locations exceeded 2260 MPa at the A5mm elongation level of more than 10 %. The lowest strength, 2263 MPa, and elongation of 12 % were found in the transitional zone of the largest cross-section (Obr. 4, location T3/5). It is likely that this area did not come into full contact with the die wall, and therefore did not cool as rapidly as others. This location also had the lowest hardness: 667 HV10.
Other areas of the product did not show equally strong effect of the location on mechanical properties.
Tab. Products of the second route with the Q&P process exhibited ultimate strength levels which were 250-300 MPa lower than those of the first route (Tab. 4). This difference is due to the martensite tempering process which took place during the isothermal hold at 260 °C in the furnace. The lowest strength of the Q&P processed part was found in the same location as in the air cooled product. In this case, the strength and elongation were 1914 MPa and 20 %, respectively (Obr. 5, location T7/5). In other locations, the ultimate strength was close to 2000 MPa. On the other hand, the elongation levels upon the Q&P process were substantially higher: between 17 and 20 %.
The tests were complemented with fracture surface observation. Ductile fractures with dimples were found in all cases (Obr. 7). No signs of brittle fracture were detected even in the locations of the air-cooled product with the highest strength.
In order to obtain complete data on mechanical properties along the entire length of the product, HV10 hardness profiles were measured (Obr. 8).
Hardness profiles of both products showed similar character. They reflected the cooling rate, which was governed by the contact between the stock and the die, and the reduction in the wall thickness due to forming. The subsequent heat treatment only affected hardness values but not the shape of the hardness profile along the product axis. The highest hardness was found on both ends, in areas by which the stock was held in the die. The lowest hardness was found in the transition area of the largest diameter section. These results are in agreement with the measured strength levels.
Tab. 
Assessment of Microstructure
Microstructure observation was performed in the same locations as mechanical testing.
The product quenched to 200 °C and air cooled (Q210°C-Cair) contained martensite with a small amount of bainite in almost all examined locations (Obr. 9). The areas which did not come into full contact with the die wall contained an additional small amount of free ferrite which formed due to the lower cooling rate (Obr. 10).
The Q&P-processed product contained a mixture of martensite and bainite. The proportion of free ferrite was very small. Ferrite was again found in locations which lacked the full contact with the die wall (Obr. 11, 12).
CONCLUSION
Hot forming by internal pressure of gas followed by press hardening and heat treatment was used for making complex-shaped hollow products without discontinuities and with high-quality surface. In the product (Q210°C-Cair), which was air cooled after removal from the die, the die opening time of 10 seconds led to quenching to the temperature of 210 °C. This is 79 °C higher than the calculated Ms temperature. The resulting microstructure was a mixture of martensite, bainite and free ferrite. Obr. 12 Product (Q210°C -Cair) with Q-P proces: Martenzite-bainite with small fraction of ferrite (position T7/12)
